Glycine decarboxylase (GLDC) is one of the glycine metabolic enzymes and was reported as a oncogene involved in tumorigenesis of non-small cell lung cancer. However, the function of GLDC in cervical cancer remains unclear. In this study, we determined the increased expression of GLDC in cervical cancer tissues and cell lines. The clinical pathological characters of GLDC revealed that increased GLDC expression was involved in cervical cancer metastasis. Further in vitro experiments confi rmed the promotion of GLDC on cervical cancer metastasis. Furthermore, we found that OGT interacted with GLDC and modifi ed GLDC with O-GlcNAcylation in cervical cancer cell lines. In addition, the O-GlcNAcylation of GLDC greatly enhanced its promotion on migration and invasion in vitro and in vivo. The clinical data further demonstrated the promotion of GLDC and OGT on cervical cancer metastasis, and showed that OGT worsened the prognosis of GLDC High patients. Collectively, this study identifi ed OGT-mediated O-GlcNAcylation on GLDC as an essential regulatory mechanism for promoting cervical cancer metastasis, and provided a therapeutic target for metastatic cervical cancer.
INTRODUCTION
Cervical cancer is the fourth most prevalent type of cancer among women worldwide, which accounts for 9% (n = 527,600) of incident cases of cancer and 8% (n = 265,700) of total cancer mortality in 2012 [1] . Although the development of early screening and HPV vaccination reduces the mortality rates in recent years [2, 3] , the prognosis of patients is still dismal, mainly due to the high incidence of invasiveness and metastasis of cervical cancer [4] . Therefore, investigating the molecular alterations that drive metastasis in cervical cancer is valuable to develop diagnostic targets and potential therapies for this disease.
Glycine dehydrogenase (GLDC) is a metabolic enzyme involved in glycine and serine metabolism, which catalyzes the reaction whereby glycine is converted to carbon dioxide, ammonia and 5,10-methylenetetrahydrofolate (CH2-THF) [5] [6] [7] . In turn, CH2-THF drives de novo thymidine synthesis and pyrimidine biosynthesis, thus regulating nucleotide synthesis during cell proliferation [8] . GLDC has been reported as a metabolic oncogene involved in tumorigenesis of nonsmall cell lung cancer (NSCLC) and was found to be critical in tumor initiating cell growth and tumor formation [9] . Actually, besides of NSCLC, the increased expression of GLDC was also observed in some other cancers including ovarian cancer, seminoma, invasive lobular carcinoma, and breast cancer [9] [10] [11] . And the increased expression of GLDC was reported to be associated with the poor prognosis of phyllodes tumor, thyroid cancer, invasive lobular carcinoma, and metastatic breast cancer [11] [12] [13] [14] . However, the roles of GLDC in cervical cancer have never been determined.
O-GlcNAcylation is a reversible posttranslational modifi cation on various proteins implicating in different cellular functions [15] [16] [17] [18] , and increased O-GlcNAcylation were observed in various cancers due to the elevated glucose fl ux through hexosamine biosynthetic pathway [19, 20] . In turn, increased O-GlcNAcylation promotes oncogenesis and tumour growth, as well as metastasis in different cancers [21] [22] [23] [24] . Recently, O-GlcNAcylation and its transferase O-linked N-acetylglucosamine transferase (OGT) were reported to be involved in cervical cancer tumorigenesis and metastasis via increasing or activating the human papillomavirus (HPV)-derived oncoproteins [25, 26] . These studies also showed that the O-GlcNAcylation on some oncoproteins such as c-MYC and HCF-1 elevated their functional activities [25, 26] . Whether O-GlcNAcylation confers similar functions on other oncoproteins in cervical cancer remains unclear.
In the present study, we assessed the expression of GLDC in cervical cancer, and investigated the roles of GLDC in cervical cancer in vitro and in vivo. We found that OGT-mediated O-GlcNAcylation on GLDC promotes metastasis in cervical cancer. Additionally, we determined the clinical signifi cance of the O-GlcNAcylation on GLDC as well as its correlation with cervical cancer metastasis.
RESULTS

GLDC expression is increased in cervical cancer
To determine the expression of GLDC in cervical cancer, we performed qRT-PCR, WB and IHC analysis of 146 paired cervical cancer tumor and non-tumor samples. Results showed that the expression of GLDC was signifi cantly increased in cancer tissues compared with normal tissues in both mRNA (p = 0.0421) and proteins levels (p = 0.0138 in WB, and p = 0.0002 in IHC) ( Figure 1A-1C ). WB and qRT-PCR assays were also performed in different cervical cell lines. Consist with tissues, cervical cancer cell lines (HT-3, C33A, Caski and HeLa) conferred signifi cantly higher levels of GLDC compared with the normal cervix cells (End1) (Figure 1D-1E) . Similar results were also observed in public cervical cancer databases (P = 0.0089 in GSE27678, and p = 0.0371 in GSE52903) ( Figure 1F ). Together, these data indicate that GLDC expression is increased in cervical cancer.
Increased GLDC expression in cervical cancer cells promotes metastasis
We further analyzed the relationship between GLDC and clinical pathological characteristics of cervical cancer in IHC analysis. All cervical cancer specimens were grouped according to their age, FIGO stage, tumor grade, tumor size and lymph node metastasis. The statistic results showed that increased GLDC expression in cervical cancer was signifi cantly correlated with tumor grade (P =0.002) and lymph node metastasis (P = 0.027) ( Table 1 ), suggesting that GLDC may be involved in cervical cancer metastasis. To confi rm the function of GLDC in cervical cancer cells, we made an optimal dynamic range of GLDC expression in different cells. GLDC was knockdown in Hela cells, which have relatively high endogenous GLDC levels, and GLDC was overexpressed in HT-3 cells, which have relatively low levels of endogenous GLDC (Figure 2A ). Utilizing these cells in transwell and scratch assays, we found that the knockdown of GLDC inhibited cell migration (P < 0.05) and invasion (P < 0.01), while the overexpression of GLDC signifi cantly promoted the migration (P < 0.001) and invasion (P < 0.05) of cervical cancer cells ( Figure  2B-2C) . However, although the expression level of GLDC in C33A cells was as high as that in Hela cells ( Figure  1D-1E) , the migration and invasion of C33A cells were signifi cantly weaker than Hela cells ( Figure 2D-2E) , suggesting that something in C33A cells regulates the effects of GLDC on metastasis.
OGT interacts with and modifi es GLDC with O-GlcNAcylation
Post-translational modifi cations have been reported to regulate the functions of some glycine/serine metabolism enzymes such as SHMT1 and MTHFR [27] [28] [29] . However, on another glycine/serine metabolism enzyme GLDC, no post-translational modifi cation has been reported. Since similar GLDC levels resulted in different effects on metastasis in different cell lines ( Figure 2D-2E) , we hypothesized that GLDC might be modifi ed in some cell lines and the potential modifi cations on GLDC could regulate its effects on migration and invasion. Different from SHMT1 or MTHFR [27] [28] [29] , there was no phosphorylation detected on GLDC in our study ( Figure 3A ). But we observed the O-GlcNAcylation on GLDC for the fi rst time ( Figure 3A) . Although the O-GlcNAcylation of GLDC was detected in both Hela and C33A cells, the O-GlcNAcylation level of GLDC in Hela cells was markedly higher than that in C33A cells ( Figure  3A ). These results, combined with the in vitro metastasis data of different cell lines ( Figure 2D-2E ), suggest that O-GlcNAcylation on GLDC might be the key role for promoting cervical cancer metastasis.
Since O-GlcNAcylation is regulated by OGT and OGA, we also assessed the protein levels of OGT and OGA in Hela and C33A cells, and found that OGT expression varied a lot between these two cell lines, while no obvious difference of OGA expression was observed ( Figure 3A) . Meanwhile, co-IP analysis of either transfected or endogenous proteins from cervical cancer cells confi rmed the interaction between GLDC and OGT ( Figure 3A-3B and 3D ). And the direct interaction between these two proteins was determined by GST pull-down assay ( Figure 3C ). To further verify that the O-GlcNAcylation changes on GLDC are regulated by OGT, we detected the O-GlcNAcylation changes of GLDC in C33A cells with OGT overexpression or in Hela cells treated with the enzymatic inhibitors ST078925 or ST045849 against OGT. We found that OGT and its enzymatic activity were required to activate the O-GlcNAcylation of GLDC ( Figure 3D-3E ). Taken together, these results reveal that OGT could directly interact with GLDC, and modify the O-GlcNAcylation on GLDC.
OGT enhances the promoting functions of GLDC on cervical cancer metastasis
In order to demonstrate the promoting roles of the O-GlcNAcylation on GLDC in cervical cancer metastasis, (Figure 4A-4C ). These data indicated that OGT and O-GlcNAcylation were capable to enhance the promotion of GLDC on metastasis. Actually, the negligible effect of OGT inhibitors in GLDC Low cells also suggested that the effects of OGT on metastasis somehow depended on the expression of GLDC in cervical cancer. The functional enhancement of OGT upon GLDC was further confi rmed by in vivo metastasis result of intravenous injection and bioluminescent imaging ( Figure 4D-4E ).
Co-expression of OGT and GLDC clinically correlates with cervical cancer metastasis and predicts poor prognosis in patients
We next assessed the expression of OGT in 146 cervical cancer patients and evaluated the clinicopathological correlations of OGT levels with cervical cancer metastasis via immunohistochemistry analysis ( Figure 5A -5B). We found that high levels of GLDC (P = 0.027) instead of OGT (P = 0.063) were positively associated with metastasis, and OGT signifi cantly aggravated metastasis in GLDC High patients (P = 0.008) ( Figure 5B ). Kaplan-Meier analysis and logrank tests were further used to investigate the prognostic value of OGT and GLDC expression on patient survival. The log-rank test results showed that the increased expression of GLDC (P = 0.0325) instead of OGT (P = 0.0741) strongly correlated with poor prognosis in cervical cancer patients ( Figure 5C ), and patients with the overexpression of both two proteins had a worse prognosis compared with other GLDC High patients (P = 0.004) (Figure 5D ), strongly supporting that OGT and O-GlcNAcylation enhanced the effects of GLDC in cervical cancer. These data also suggest that the O-GlcNAcylation on GLDC could be used as an factor that predicts poor prognosis in patients with cervical cancer.
DISCUSSION
GLDC is one of the glycine metabolic enzymes and was reported as a oncogene involved in tumorigenesis of NSCLC [9, 30] . Although some subsequent studies supported the tumor-promoting effects of GLDC in different cancers such as phyllodes tumor and thyroid cancer [10, 12] , a recent study provided contradictory evidences for the role of GLDC in gastric cancer, which suggested GLDC might also function as tumor suppressor [31] . Therefore, in spite of the novel increased expression of GLDC in various cancers [9, 11, [31] [32] [33] , the functions of GLDC in different kinds of tumors still remain unclear. In present study, we found that increased GLDC expression was detected in several different cervical cancer cell lines compared with a normal cervix cell line, which is consistent with the results reported in previous study. Moreover, our data show that this increased expression markedly promoted migration of cervical cancer cells, suggesting that GLDC is involved in metastasis promotion. Since GLDC functioned in driving tumorigenesis in cancer stem cells (CSCs) [9] , and CSCs is critical for tumor metastasis [34] [35] [36] , GLDC might be the connection between CSCs and metastasis. In one hand, metastasis could be triggered by CSCs via elevated activities of glycine metabolism enzymes including GLDC. In another hand, increased proportion of CSCs in primary tumor tissues mediated by increased GLDC would also promote metastasis. Actually, similar with GLDC, some other glycine/serine metabolism enzymes such as SHMT1/2, PSPH, and PSAT1, are involved in both tumorigenesis [9] and metastasis [14, 37, 38] . And increased expression of these enzymes in tumors predict poor prognosis [38, 39] . These observations provide evidences for the notion that metabolic reprogramming, especially glycine/serine metabolic reprogramming in cancer cells might be crucial for metastasis [40] .
Post-translational modifi cation is critical for various biological functions of almost all known proteins, including signal transduction, degradation, polymerization, as well as activation, especially enzymatic activation. In glycine metabolism, the enzymatic activities of several enzymes could be regulated by post-translational modifi cations. For instance, phosphorylation of SHMT1 was reported to play potential roles in cancer-modulating property of p38 MAP kinase [27] , and phosphorylation of MTHFR enhanced the activity of MTHFR and promoted heterochromatin maintenance [28, 29] . As for another glycine metabolic enzyme GLDC, there is no modifi cation on it reported before. In this study, our data reveal the O-GlcNAcylation on GLDC for the fi rst time, and demonstrate that this modifi cation is involved in the functions of GLDC on cervical cancer metastasis.
Actually, O-GlcNAc is another link between cancer cell metabolic reprogramming and metastasis [19] . The Warburg effect elevates O-GlcNAc levels in cancer cells, and subsequently hyper-O-GlcNAcylation of some proteins enhances the migration/ invasion via modulating epithelial-to-mesenchymal transition (EMT) [19] . Our present data showed that hyper-O-GlcNAcylation of GLDC could also promote cervical cancer metastasis. In O-GlcNAcylation process, the O-GlcNAc transferase (OGT) transfers the GlcNAc moiety from the high-energy donor UDP-GlcNAc to substrate proteins, whereas O-GlcNAcase (OGA) hydrolyzes O-GlcNAc from proteins [41] . In this study, we detected expression of OGT instead of OGA in cervical cancer, and found that OGT interacted with and modifi ed GLDC with hyper-O-GlcNAcylation in some OGT high cervical cancer cell lines. And this hyper-OGlcNAcylation on GLDC greatly enhanced the promotion of GLDC on metastasis. Meanwhile, both of our in vitro and in vivo data suggested that the function of OGT on cervical cancer metastasis depended on GLDC attendance. Furthermore, our clinical data revealed the correlation of O-GlcNAcylated GLDC with cervical cancer metastasis and showed that GLDC High OGT High patients had worse prognosis. Therefore, O-GlcNAcylation of GLDC might have independent prognostic value in cervical cancer and could provide novel targets for prognostic therapeutics.
Taken together, our data link a glycine metabolism enzyme to cervical cancer and metastasis, and reveal the hyper-O-GlcNAcylation on GLDC and activation on metastasis, which provide a therapeutic target for metastatic cervical cancer and open a new approach for glycine metabolism research. However, the detailed mechanism by which hyper-O-GlcNAcylated GLDC promotes cervical cancer metastasis is still not clear, and would require further investigation. 
MATERIALS AND METHODS
Patients and samples
Cell culture
A normal cervix cell line End1 and four human cervical cancer cell lines, including HT-3, C33A, Caski and HeLa, were purchased from Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). All cell lines were respectively cultured in complete growth RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum (Gibco, USA) and 1% penicillin/streptomycin (Gibco, USA) at 37° C in a humidifi ed 5% CO 2 atmosphere.
Quantitative real-time PCR (qRT-PCR)
Total mRNA was isolated using the Trizol reagent (Qiagen, Valencia, CA, USA). cDNA was synthesized from 200 ng RNA with the PrimeScript RT Reagent Kit (Takara, Dalian, China) according to the manufacturer's instructions. cDNA equivalent to 40 ng total mRNA was used to perform quantitative PCR. PCR reactions processed with SYBR Premix Ex Taq II kit (Takara) and PCR protocol consisted of 1 cycle at 95° C for 10 s followed by 40 cycles at 95° C for 5 s and at 60° C for 45 s. The expression of the housekeeping gene GAPDH was used as internal control. Real-time PCR reactions were carried out using Applied Biosystem's 7500 QPCR System (ABI, Foster, CA, USA). The primers were used as followed: GLDC: (5′-CCAGACACGACGACTTCGC-3′) (sense) and (5′-CAATTCATCAATGCTCGCCAG-3′) (antisense) and GAPDH: (5′-ACCACAGTCCATGCCATCAC-3′) (sense) and (5′-TCCACCACCCTGTTGCTGT-3′) (antisense).
Plasmid transfection, shRNA and stable cell lines
For overexpression, full-length GLDC or OGT cDNA was amplifi ed from total mRNA of HeLa cell and cloned into the pCMV-Flag vector (Sigma, USA) and pcDNA3.1 vector (Invitrogen, USA) respectively. For shRNA knock-down, sequences targeting GLDC or OGT were cloned into the pGPH1 vector (GenePharma, China). The shRNA sequences were used as followed: GLDC (5′-gccccatggggctccagttccatct-3′) and OGT (5′-ga aaattgtcaagatgaagtgtcct-3′). Plasmids was transfected into cells using Lipofectamine 3000 (Invitrogen). 48 h after transfection, cell lysates were prepared for further analysis. For stable cell line selection, transfected cells were treated with 800 μg/mL G418 (Sigma, St. Louis, MO, USA) and the stable transfectants were sustained in the media containing 0.5 mg/ml G418. The expression level of GLDC or OGT was confi rmed by WB.
Immunoprecipitation (IP) and western blot (WB)
IP was performed using Protein G IP Kit (Roche, Switzerland) according to the manufacturer's instruction. For western blotting, cell pellets were solubilized with RIPA buffer (Beyotime Institute of Biotechnology, China) with addition of cOmplete Protease Inhibitors (Roche, Switzerland) and PhosSTOP Phosphastase Inhibitors (Roche, Switzerland), electrophoresed, and blotted onto PVDF membranes. The membranes were incubated with indicated primary antibodies followed by the incubation with HRP-conjugated secondary antibodies (Jackson ImmunoResearch, UK). Protein concentration was calculated by the BCA Protein assay kit (Thermo Scientifi c Pierce, UK). Blotted proteins were visualized using an enhanced chemiluminescence detection kit (Tiangen Biotech, China). The intensity of the bands was analyzed by Quantity One V 4.62 Software. Antibodies against GLDC (Abcam, USA) and myc-tag (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used for both IP and WB, and antibodies against OGT, phosphorylated serine, phosphorylated threonine, GAPDH, O-GlcNAc (Abcam, USA), GST-tag and Flag-tag (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used in WB.
GST pull-down
Full-length GLDC cDNA was cloned into pGEX4T-1 vector and transformed into E.coli. Soluble GST-GLDC was purifi ed on GST-beads from E.coli 8 h after transformation, and OGT protein was synthesized in TNT reaction with [35S] Methionine. After confi rming the positive expression of GST-GLDC and OGT via WB, further pull-down assay was performed with MagneGST Pull-Down system (Promega, WI, USA) according to the manufacturer's instruction. Pull-down result was analyzed with SDS-PAGE and autoradiography.
Cell migration assay
For migration assays, cells were harvested and suspended in serum free medium supplemented with 1% BSA. Cell suspension was loaded into the top chamber with a non-coated membrane (Millipore, MA, USA) at a concentration of 1 × 10 5 cells per 100 µL. Medium containing 20% FBS was used as a chemoattractant in the lower chamber. After 24 h of incubation at 37° C, cells on the upper surface of the membranes were removed with a cotton swab. The membranes were then stained (Hema3 staining kit; Fisher), and the cells were counted using a phase-contrast microscope. Five randomly selected high powered fi elds were counted for each membrane.
Animal experiments and bioluminescent imaging
Six-week-old male BALB/c-nu/nu mice were housed at the animal facility of Institute of Wenzhou Medical University (Zhejiang, China). Experiments were performed after approval by the local regulatory authority. For metastasis assay, C33A-luc cells (CellCyto, China) stably expessing OGT and/or shGLDC were suspended in PBS (5*105/mouse) and injected intravenously into the lateral tail vein of mice. 4 weeks later, bioluminescent imaging was performed with IVIS200 (Xenogen, Caliper, CA, USA) 10 minutes after the intraperitoneal injection of luciferin (3 mg/mouse) (Promega, WI, USA). The intensity of luc-signal was quantifi ed using ROI analysis.
Immunohistochemistry (IHC)
IHC was performed with UltraVision Quanto Detection System (Thermo Scientifi c Pierce, UK) according to the manufacturer's instructions. The tissue specimens were fi xed overnight in 10% neutralbuffered formalin and then were dehydrated in increasing concentrations of isopropyl alcohol, followed by clearing of alcohol by xylene. The specimens were subsequently embedded in paraffi n wax in cassettes for facilitation of tissue sectioning. Standard staining with hematoxylin and eosin (H&E) was performed on sections 4 μm thickness from each specimen block. For immunohistochemistry, tissue sections were deparaffi nized and incubated in citrate buffer at 95° C for 40 min for antigen retrieval and then incubated overnight at 4° C with the primary antibodies with anti-GLDC and anti-OGT (Abcam, USA) antibodies in IHC tests.
Statistical analysis
The statistical analysis were performed with GraphPad Prism v6 (GraphPad Software Inc.). All values were expressed as mean ± standard error (SE). Two-tailed Student's test was used to assess the statistical signifi cance between two groups. Multiple comparisons were performed by one-way ANOVA test followed by Dunnett's post-hoc analysis (if the ANOVA turned out to be signifi cant). The relationships between clinicopathologic characteristics and GLDC/OGT expression was analyzed by Pearson χ 2 test. Survival was evaluated by KaplanMeier survival curves, and the log-rank test was used to evaluate the differences between groups. P < 0.05 was considered statically signifi cant.
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